In this work, bamboo chips (Dendrocalamus asper) were crushed according to four particle size classes (A = -35+40 mesh; B = -40+48 mesh; C = -48+60 mesh; D = -60+65 mesh) to produce particleboards with four different compositions (100%A; 75%A + 25% B; 50%A + 50%B; 25%A + 25%B + 25%C + 25%D). Each composition was considered a treatment. The aim was to verify the effect on the physical and mechanical properties of panels. The test methods and requirements to evaluate the properties were based on NBR 14810 Brazilian standard. The results showed that the particle size used in compositions showen no significant effect on moisture content, density, thickness swelling (24 hours), internal bonding or resistance to screw withdrawal (face and side) of panels. Significant effects were verified on water absorption (2 and 24 hours), thickness swelling (2 hours), MOR and MOE to static bending.
INTRODUCTION
Particleboards are products composed of wood particles bonded with synthetic adhesives that are consolidated under the action of heat and pressure, resulting in panels with variable final thickness between 3 and 50 mm. Particleboards can be classified according to their density, adhesive nature, particle geometry, and other complementary features. Panels produced with density between 0.55 and 0.75g/cm 3 are classified into the "medium density" category and are the most common (ABNT, 2013) . According to Iwakiri (2005) , these panels are widely used in the furniture industry and civil construction.
Several wood species and other lignocellulosic materials can be used for particleboard manufacture. Virtually any source of fiber can be used; however, the quality of the final product depends on the selection criterion (Roque & Valença, 1998) . Thus, studies on the quality of particleboard manufactured from alternative materials have intensified in Brazil, seeking to diversify the supply sources for industries whose main raw material is reforestation wood such as pine and eucalyptus.
One of these alternative materials is bamboo. According to Calegari et al. (2007) , the interest in this material has increased worldwide because it is a perennial, renewable, fast growing resource of high productivity by area, low cost and diverse use, in addition to being considered an excellent carbon sequester. For Liese (1987) and Anokye et al. (2016) , bamboo density ranges from 0.4 to 0.9 g/cm 3 .
The most important variable of the raw material influencing the properties of panels is its density. The relationship between panel density and the density of the raw material used is known as compaction ratio. Low-density raw materials are preferred for producing medium density panels due to their adequate compaction ratio (1,3), allowing sufficient contact area among particles during pressing, thus providing good bonding (Maloney, 1977) .
According to Kelly (1977) , medium-density panel produced with low-density raw materials will present higher compaction ratio and the resulting mechanical properties may be favored; however, the dimensional stability may be reduced compared to the same panel produced with higher-density raw materials.
Particle geometry (size and shape) affects the characteristics and properties of particleboards, as well as the type of raw material used, type and amount of adhesive and additives, and the panel structure, defined by the conditions in which the mattress is formed and the pressing conditions. Particle geometry intimately interacts with all these parameters, determining the particleboard properties (Maloney, 1977) .
Strength to static bending, to parallel and perpendicular traction, and nail and screw withdrawal resistance are important properties of particleboards and are largely affected by particle geometry. Particle geometry also significantly affects the appearance of panel faces and corners. Small and thin particles provide panel smooth surfaces suitable for different types of coating due to their flexibility and ability to fill void spaces. Additionally, their flexibility greatly determines the degree of contact among particles, influencing particleboard strength (Moslemi, 1974) .
Several studies on the experimental manufacture and particleboard quality using different bamboo species and wood particles, isolated or mixed, have been carried out; for example, those conducted by Vital & Haselein (1988) , Calegari et al. (2007) , Arruda et al. (2011) , Morais (2011 ), Melo et al. (2014 , Valarelli et al. (2014) , Morais et al. (2015) , Nurhazwani et al. (2016) . Among these studies, only that carried out by Nurhazwani et al. (2016) used Dendrocalumus asper bamboo, and none of them addressed the influence of particle size on panel properties.
On the other hand, other studies have investigated the influence of particle size on panel properties, although not using bamboo particles, such as those developed by Peixoto & Brito (2000) , Zheng et al. (2006) , Osarenmwinda & Nwachukwu (2007) , Torrell et al. (2013) , Lias et al. (2014) and Farrokhpayam et al. (2016) .
Thus, the aim of the present study was to evaluate the effect of particle size on the physical and mechanical properties of bamboo particleboards (Dendrocalamus asper) produced at laboratory scale. bamboo plants aged between three and four years were cut with the aid of a chainsaw. Culms of 2.00 m in length were obtained by sectioning the cut stem. The material collected in the field was subsequently transported to the laboratory to be processed.
MATERIAL AND METHODS

Bamboo collection and particle collection
Culms were cut lengthwise to obtain slats using a circular saw. Slats were subsequently processed into a planer to remove internal (starch-rich) and external (bark) layers. Finally, slats were turned into chips using a band saw. Bamboo chips samples were selected to determine the basic density, which was tested according to NBR 11941 standard procedures (ABNT, 2003) . Chips were then dried in the open air until reaching 15-18% moisture, and then converted into particles using Wiley mill.
The particles obtained were classified using a vibrating machine and sieves of 35 mesh (0.500 mm), 40 mesh (0.420 mm), 48 mesh (0.297 mm), 60 mesh (0.250 mm) and 65 mesh (0.210 mm). Particles of 04 granulometric classes were used for producing particleboards: -35+40 mesh; -40+48 mesh; -48+60 mesh; -60+65 mesh. Symbols (-) and (+) indicate passage and retention of particles, respectively. The gradual inclusion of smaller size particles in the produced panels (see Table 1 ) was to improve their surface characteristics.
Experimental design and data analysis
The experimental design adopted for the manufacturing of panels was completely randomized, consisting of four treatments as described in Table 1 . Three replicates were adopted for each treatment, totaling 12 experimental panels produced.
Analysis of variance was performed, followed by the Tukey test for comparison of means at 5% level of error probability to verify the effect of treatments on the properties of bamboo particleboard panels, as described in item 2.4.
Bamboo particleboard manufacturing
According to the experimental design adopted, homogeneous panels (single layer) were manufactured with nominal density and thickness of 0.65 g/cm 3 and 15.7 mm, respectively.
The nominal density adopted for the manufacturing of panels was stipulated based on the range from 0.55 to 0.75 g/cm 3 determined by NBR 14810 standard (ABNT, 2013) for panels of medium density particles. Density and nominal thickness values were adopted for the experiment because they are very common for commercial panels, especially those used in the furniture sector.
Urea-formaldehyde (UF) resin was applied at content of 10% resin solids, based on particle mass at 0% moisture. Ammonium sulfate solution at proportion of 5% solids was incorporated into the adhesive.
Previously prepared adhesive and catalyst were mixed and applied to dried particles (3% to 5% moisture) inside a rotary drum type gluer through compressed air gun. Paraffin emulsion at level of 1% solids was subsequently applied using the same equipment as for the adhesive, only replacing the air gun.
Particle mass impregnated with adhesive and paraffin was manually deposited into a wooden box with internal dimensions of 40 cm x 40 cm to form the mattress. Subsequently, the mattress was cold pre-pressed in a manual hydraulic press for air removal and pre-consolidation. The mattress was then hot-pressed in a motorized hydraulic press with automatic control of temperature, pressure, and closing and opening time of plates. The pressing cycle parameters were the following: 35 kgf/cm 2 of pressure, temperature of 180°C and total time of 10 minutes (01 minute for closing and reaching the maximum pressure, 08 minutes under maximum pressure and 01 minute for opening). T1  100%  ---T2  75%  25%  --T3  50%  50%  --T4  25%  25%  25%  25% 4/8 Lira Bazzetto JT, Bortoletto Junior G, Brito FMS Floresta e Ambiente 2019; 26(2): e20170125
Obtaining specimens and evaluation of panel properties
Upon reaching constant mass, panels were trimmed using a circular saw, removing 10 mm from each of its sides. Then, specimens were prepared for the determination of the following physical and mechanical properties: moisture content, density, absorption and swelling after 2 and 24 hours of immersion in water, modulus of rupture (MOR) and modulus of elasticity (MOE) to static bending, resistance to screw withdrawal (face and side) and internal bonding. Specimen dimensions and tests followed requirements of NBR 14810 standard (ABNT, 2013).
RESULTS AND DISCUSSION
Basic density of bamboo chips
The basic density of bamboo chips was 0.53 g/cm 3 . This value is included in the range from 0.40 g/cm 3 to 0.90 g/cm 3 as indicated by Liese (1987) and Anokye et al. (2016) for different bamboo species.
Physical properties of bamboo particleboard
Moisture content, density and compaction ratio
Moisture content, density and compaction ratio values of panels for each treatment are shown in Table 2 .
According to the analysis of variance performed for the moisture content and density of panels, no significant differences among treatments were found. Thus, particle size had no influence on none of these variables.
According to NBR 14810 standard (ABNT, 2013), the moisture content of particleboard panels ranged from 5 to 13%. It was observed that all mean values presented in Table 2 are within the moisture range. Table 2 shows that panels from all treatments were within the "medium density" category, as defined by NBR 14810 standard (ABNT, 2013). However, the mean density values of panels were below the experimentally planned nominal value (0.65 g/cm 3 ). This fact is not uncommon and may be associated with loss of adhesive and paraffin during application and material loss during the manual formation of the particle mattress, as well as during the pre-pressing and hot pressing steps. Melo et al. (2015) also reported this fact and attributed factors such as loss of adhesive and paraffin at the application time due to adhesion on the edges of the drum and differences in the specific mass and moisture content of particles.
The effective compaction ratio of panels practically did not vary (1.09 to 1.11; Table 2), remaining below the value considered ideal (≥1.3) as suggested by Maloney (1977) .
Water absorption and thickness swelling
Water absorption and thickness swelling values of panels for each treatment are shown in Table 3 .
The analysis of variance performed for the absorption and swelling of panels revealed that there were significant differences among treatments for both variables, except in the case of TS after 24 hours. Thus, it was verified that particle size distribution influenced both variables in all cases, except for TS after 24 hours.
It was observed that there was a tendency to increase the mean WA value (at 2 and 24 hours) as the proportion of smaller-size particles increased in panels; this fact was very evident when comparing the average values obtained for panels of T1 and T4 treatments. By increasing the proportion of smaller-size particles, the surface area and particle volume also increase, 
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Effect of Particle Size on Bamboo... Floresta e Ambiente 2019; 26(2): e20170125 causing more empty spaces to be occupied by the absorbed water, especially in the cell lumen, which could be a possible explanation for the results obtained.
Part of the swelling occurs when water starts to occupy the absorption sites. It could be assumed that the adhesive content, especially the applied paraffin content, may not have been sufficient to cover the larger particle surface area of T4 treatment panels; therefore, not forming a barrier to water entry into cell walls in the same magnitude as larger-size particles (T1) due to their possible greater coating capacity. However, in accordance with Moslemi (1974) , paraffin is effective during short immersion periods. After long immersion period, the paraffin loses efficiency and this may explain the swelling increase from 2 to 24 hours, as well as the statistical equality of means for TS panel after 24 hours for all treatments.
In determining the requirements for non-structural panels for internal use in dry conditions (P2Type) in the thickness range from 13 mm to 20 mm, the NBR 14810 standard (ABNT, 2013) does not establish maximum WA values (2 and 24 hours) or TS values after 2 hours; however, in the case of TS after 24 hours, the maximum percentage allowed by the standard is 18%. Table 3 shows that the panels of all treatments met this requirement. Part of the swelling is due to the release of pressing tensions, both increasing as the compaction ratio increased. Considering that the compaction ratio of panels practically did not vary and was low (Table 2) , this may explain why TS values were also low. Nurhazwani et al. (2016) produced homogeneous single-layer particleboards using bamboo particles (Dendrocalamus asper) and rubber tree (Hevea brasiliensis) particles, both from a single granulometric class (-10+35 mesh), isolated and mixed at different proportions. Particles were glued using urea-formaldehyde-based adhesive at 12% content and panels were produced with nominal density and thickness of 0.70 g/cm 3 and 12 mm, respectively, without the addition of paraffin. The physical and mechanical properties of panels were determined for particleboards produced with 100% bamboo particles and the authors found WA and TS values after 24 hours of 68.8% and 20.1%, respectively, which in both cases are higher than those found in the present study (Table 3 ). The authors considered that the values found were unsatisfactory, which could be due to the non-inclusion of paraffin.
In determining the properties of particleboards (12 mm in thickness) produced with particles of 2.00 mm and 1.00 mm, Lias et al. (2014) found increase in WA values and reduction in TS values with the decrease in particle size. The same tendency was found by Farrokhpayam et al. (2016) when evaluating the properties of particleboards (3.7 mm in thickness) produced with particles from class -8+12 mesh (2.38 mm to 1.68 mm) and class -18+25 mesh (1.00 mm to 0.707 mm).
Mechanical properties of bamboo particleboard panels
The modulus of rupture (MOR), modulus of elasticity (MOE), internal bonding and screw withdrawal resistance (face and side) values of panels for all treatments are shown in Table 4 .
Modulus of rupture and modulus of elasticity to static bending
The analyses of variance performed for MOR and MOE of panels revealed significant differences among treatments in both cases, demonstrating that the particle size distribution influenced both variables.
By analyzing data in Table 4 , it was possible to observe that as the proportion of smaller-size particles increased in panels, there was a tendency for the mean MOR and MOE values to decrease. It is assumed that the adhesive content applied was not enough to cover the larger surface area of smaller-size particles, and therefore the increase in the contact area among particles did not result in sufficient number of adhesive bonds.
When stipulating the requirements for Type-2 panels with thickness ranging from 13 mm to 20 mm, the NBR 14810 standard (ABNT, 2013) determines minimum MOR and MOE values of 11 MPa and 1600 MPa, respectively. Data in Table 4 show that none of the panels for treatments satisfied MOR and MOE values required by this standard. In addition to the insufficient amount of adhesive, the low compaction ratio of panels may also have contributed to these results (Table 2) . Nurhazwani et al. (2016) found values of 15.3 MPa for MOR and 2650 MPa for MOE in particleboards manufactured with 100% bamboo particles (D. asper); both values were higher than those found in the present study (Table 4) . Without disregarding other possible factors, the density of panels, the adhesive content applied and the particle size may have contributed to such superiority, as the values found by these authors were higher. Lias et al. (2014) and Farrokhpayam et al. (2016) found reduction in MOR and MOE values to static bending for panels with decreased particle size.
Internal bonding
The analysis of variance performed for the internal bonding of panels showed no significant differences among treatments. Therefore, particle size distribution had no influence on this property.
The NBR 14810 standard (ABNT, 2013) stipulates minimum value of 0.35 MPa for IB (perpendicular tensile strength) for Type 2 panels, with thickness ranging from 13 mm to 20 mm. According to data shown Table 4 , it could be observed that none of panels for treatments met the requirements established by this standard.
The low IB values obtained for panels for all treatments evidenced the hypothesis that the adhesive content applied was insufficient, considering that this property reveals the degree of adhesive bonding among particles. In addition, the low compaction ratio value of panels may have contributed to these results. Nurhazwani et al. (2016) found IB value of 0.58 MPa in particleboards manufactured with 100% bamboo particles (D. asper). This result was higher than values found in the present study (Table 4) . Lias et al. (2014) observed an increase in the IB value of panels with the decrease in particle size. In contrast, Farrokhpayam et al. (2016) found the opposite.
Screw withdrawal resistance
The analysis of variance performed for screw withdrawal resistance on face and side of panels revealed no significant differences among treatments for both variables. Thus, particle size distribution had no influence on these properties.
Although not statistically significant, Table 4 shows that there was a tendency for SWR values (face and side) to decrease as the proportion of smaller-size particles in panels increased. This observation is consistent with the findings by Maloney (1993) , who reported that this property is directly related to the size of particles used in panel manufacture.
It was observed that the SWR values of face were higher than those of side for all treatments. This result is due to the fact that in the first case, the screw goes throughout the panel thickness, and in the second, the screw is only inserted in the central layer, the Former NBR 14810 standard (ABNT, 2006) , which was in force until the end of 2013, stipulated minimum SWR values equal to 1,020 N (face) and 800 N (side) for Type 2 panels with thickness ranging from 14 mm to 20 mm. Only as a reference, data in Table 4 show that panels from all treatments would not meet requirements of the former standard, considering both properties evaluated. In fact, the SWR values (face and side) of all panels were low. Thus, these results (in addition to particle size distribution) may be related to insufficient adhesive content and low compaction ratio. Nurhazwani et al. (2016) found SWR (face) values corresponding to 499.9 N for 100% bamboo particleboards (D. asper), which were lower than results found in the present study (Table 4) .
CONCLUSIONS
The size of particles used in panel manufacturing had no significant effect on moisture content, density, thickness swelling (TS) after 24 hours, internal bonding (IB) and screw withdraw resistance (SWR) of face and side; Significant effect was observed on water absorption (WA) at 2 and 24 hours, TS at 2 hours, MOR and MOE to static bending; WA values at 2 and 24 hours showed tendency to increase with increase in the proportion of smaller-size particles in the composition; however, the opposite was verified for MOR and MOE values. The same trend observed for MOR and MOE values was observed for the SWR properties, although not significant; Among properties evaluated, only the TS after 24 hours met requirements of the Standard used as reference;
Increasing the adhesive content applied and increasing the nominal density of panels in order to achieve higher compaction ratio are measures that could be considered to improve the performance of panels obtained in the present study.
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